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doi:10.1016/j.ejvs.2010.12.013Abstract Objective: The ability to perform patient-specific simulated rehearsal of complex
endovascular interventions is a technological advance with potential benefits to patient
outcomes. This study aimed to evaluate whether patient-specific rehearsal of a carotid artery
stenting (CAS) procedure has an influence on tool selection and the use of fluoroscopy.
Methods: Following case note and computed tomography (CT) angiographic review of a real
patient case, subjects performed the CAS procedure on a virtual reality simulator. Endovascu-
lar tool requirements and fluoroscopic angles were evaluated with a pre- and post-case ques-
tionnaire. Participants also rated the simulation from 1 (poor) to 5 (excellent).
Results: Thirty-three endovascular physicians with varying degrees of CAS experience were
recruited: inexperienced (5e20 CAS procedures) nZ 11, moderately (21e50 CAS procedures)
nZ 7 or highly experienced (>50 CAS procedures) nZ 15. For all participants, 96 of a possible
363 changes (26%) were observed from pre- to post-case questionnaires. This was most notable
for optimal fluoroscopy C-arm position 15/33 (46%), choice of selective catheter 13/33 (39%),
choice of sheath or guiding catheter 11/33 (33%) and balloon dilatation strategy 10/33 (30%).
Experience with the CAS procedure did not influence the degree of change significantly
(p > 0.05), and all groups exhibited a considerable modification in tool and fluoroscopy prefer-
ence. The model was considered realistic and useful as a tool to practice a real case (median
score 4/5).of Biosurgery and Surgical Technology, Imperial College London, 10th Floor QEQM Building, St. Mary’s
2 1NY, UK. Tel.: þ44 (0) 20 7886 1310.
al.ac.uk (W.I.M. Willaert).
ty for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
Patient-specific Endovascular Simulation 493Conclusion: Patient-specific simulated rehearsal of a complex endovascular procedure strongly
influences tool selection and fluoroscopy preferences for the real case. Further research has to
evaluate how this technology may transfer from in vitro to in vivo and if it can reduce the radia-
tion dose and the number of endovascular tools used and improve outcomes for patients in the
clinical setting.
ª 2010 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.Introduction
As in other high-stake industries, an important incentive for
the use of simulation in medicine has been the public and
institutional demand for increased patient safety. Virtual
reality (VR) simulation has been proposed as an effective
tool to meet this goal, by enabling physicians to acquire,
improve and sustain complex skills in a stress-free, trainee-
orientated environment that does not pose risks to
patients. In 2004, the Food and Drug Administration (FDA)
suggested that simulation should be an integral part of the
training of interventionalists, who wish to perform carotid
artery stenting (CAS) procedures.1 Subsequently, the last
decade has witnessed a steady increase in scientific
research focussing on the validation of endovascular simu-
lation as a tool to train both novice and experienced
interventionalists in endovascular procedures.2e7
So far, endovascular simulators providedafixednumberof
generic training procedures in various standardised anatomic
regions, such as the renal, iliac and carotid arteries.
However, rapid advances in simulator technology now allow
the individual interventionalist to upload and incorporate
patient-specific Digital Imaging and Communications in
Medicine (DICOM) imagery data (computed tomography (CT)
and magnetic resonance imaging (MRI)) into the simulation
software. This new concept of patient-specific rehearsal
provides the opportunity for the trained interventionalist to
rehearse and plan the procedure on the real patient’s
anatomy, prior to performing the intervention on the
patient.8,9 Although this concept of rehearsing a specific task
is new within the medical field, it has been used routinely in
other high-stake industries, such as the military and aero-
space, and in the domains of music and sports. In these
industries, this kindof rehearsal has resulted in an increase in
individual and team performance, minimising procedural
errors and enhancing the overall safety.10,11
In the endovascular domain, VR procedure rehearsal has
been developed for the CAS procedure and incidental
reports have already shown that this technology may be
useful in daily medical practice.8,9,12 CAS has been chosen
as the first interventional procedure because it is regarded
as a complex and high-risk endovascular intervention with
outcomes affected by operator experience and prepara-
tion.13e16 Thus, a correct choice of endovascular tools,
reduced use of contrast and fluoroscopy and an optimal
preparation of the endovascular team may result in
improved patient safety.
The main purpose of the current study is to evaluate
whether patient-specific rehearsal can influence the
interventionalists’ tool selection and the use of fluoroscopy
during a complex CAS procedure. In addition, this study will
evaluate if this effect correlates with the level of the
interventionalists’ experience with the CAS procedure.Finally, face validity and the potential of this new tech-
nology were also assessed.
Material and Methods
Subjects
A total of 33 participants (11 cardiologists, 19 radiologists
and three vascular surgeons) were recruited at two inter-
national vascular meetings. They were divided into three
groups based on their prior CAS experience: 11 were
considered inexperienced in CAS (5e20 CAS procedures),
seven were considered moderately experienced (21e50 CAS
procedures) and 15 were highly experienced (>50 CAS
procedures). The criteria for the highly experienced CAS
group were derived from the Italian Consensus Carotid
Stenting/Stroke Prevention and Educational Awareness
Diffusion (ICCS/SPREAD) documents on CAS.17
All subjects completed a questionnaire to assess their
overall endovascular experience, experience in CAS and
their familiarity with endovascular VR simulators. All
participants gave informed consent. This was also gained
from the patient involved for the anonymous use of the CT
angiography (CTA) of the arch and supra-aortic vessels. This
enabled the creation of a three-dimensional (3D) recon-
struction of this DICOM data and the setup of a patient-
specific simulation.
Simulator device
The Simbionix PROcedure rehearsal studio software was
used to create the 3D reconstruction and the AngioMentor
Express (Simbionix USA Corp., Cleveland, OH, USA) simu-
lator was used to conduct the patient-specific simulation
(Fig. 1). The PROcedure rehearsal module of the
Angiomentor Express simulator was used. The simulator is
a part-task VR device, as arterial puncture and closure are
not involved. The simulator comes as a single unit, which
includes a haptic device, simulation computer, two liquid
crystal display (LCD) screens and controls for table move-
ment, contrast medium injection, fluoroscopic C-arm
positioning, cine-loop recording, road mapping, balloon
inflation and stent deployment. The haptics unit is designed
to be the virtual patient with a simulated introducer in the
groin, and allows the user to insert and manipulate guide-
wires, embolic protection devices (EPDs), catheters,
balloons and stents.
Real patient case and 3D model reconstruction
The virtual case was based on the anatomy and 3D recon-
struction of the CTA of a 74-year-old man admitted to the
Figure 1 Stepwise process of the setup of a patient-specific procedure rehearsal. VR: virtual reality, CAS: carotid artery stenting.
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College Healthcare Trust, with a symptomatic left internal
carotid artery (LICA) stenosis. The patient suffered a left
internal capsule infarct with right hemiplegia for 2 days
with full recovery. A duplex scan revealed a 70e80%
stenosis of the LICA, which was graded on a subsequent CTA
as a 90% stenosis. It was noted that the carotid stenosis was
a tandem lesion in the LICA and that the left common
carotid artery (CCA) was extremely tortuous (Fig. 2).
A challenging case was chosen for this patient-specific
CAS simulation by the lead researcher (WW) based on
a predefined anatomic scoring system used to categorise
the difficulty of a CAS procedure.18 Due to access vessel
tortuosity, the chosen case scored 8.4/9 according to the
aforementioned scoring system, indicative of challenging
anatomy to perform CAS.
The process of creating a specific VR simulation with the
patient’s DICOM data and PROcedure rehearsal studio
software is described extensively in a previous report.19
Task performed
All subjects were asked to read the real patient notes and
review the CTA of the arch and supra-aortic vessels onFigure 2 Screenshot of the Simbionix PROcedure rehearsal stud
with the 3D reconstruction on the left, 3D mask, virtual arch angioa Picture Archiving and Communications System (PACS)
viewer with multiplane reconstruction capabilities. This
allowed adequate assessment of vessel diameter and
tortuosity. After this review, they completed a question-
naire indicating their desired endovascular material and
fluoroscopy preferences for each step of the specific case.
A survey also evaluated the desired team experience
(assistant, scrub nurse, circulating nurse, radiographer and
anaesthetist). An example of the first page of the ques-
tionnaire is provided in Fig. 3.
Then, participants were familiarised with the VR
simulator by treating a simulated ipsilateral common iliac
artery lesion. Thereafter, they performed the patient-
specific CAS procedure. During both the simulated iliac
and CAS procedure, passive assistance was provided by an
assistant, who also acted as the radiographer. Thus, the
role of the assistant minimised the effect of any
remaining unfamiliarity as the interventionalist only had
to concentrate on tool manipulation and pressing the
fluoroscopy pedal.
After the CAS procedure, the participants were asked to
fill out the same questionnaire evaluating tool choice,
fluoroscopy preferences and team experience levels with
the information they had gathered from the rehearsal.io software with the original, uploaded, patient CTA DICOM data
graphy and virtual selective carotid angiography (right).
Figure 3 Example of questions asked pre- and post-operatively after review of the case notes and CT angiography images.
Patient-specific Endovascular Simulation 495In an additional survey, they rated the realism of the
simulator and potential of procedure rehearsal on a Likert
scale. The Likert scale is a unidimensional psychometric
scaling method commonly used in survey questionnaires.20
The participants were asked to respond to one of five Lik-
ert items ranging from 1 (poor) to 5 (excellent).Performance evaluation
To verify if dividing the participants into three arbitrary
groups based on their quantitative CAS experience also
resulted in a division of participants on the basis of the
quality of their performances, video recordings were made
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lated CAS procedures. These videos were reviewed blindly
(WW and IvH) and rated with generic endovascular (Global
Rating Scale, GRS) and procedure-specific rating scales
(PSRS) to assess the quality of the interventionalists’
performance. The specifics and content of these rating
scales are discussed in detail in previous reports.21 The
PSRS gives a score between 7 (poor performance) and 35
(excellent performance), and the GRS gives a score
between 8 and 42.
Overall, the performance evaluation for the three
groups concentrated on the change in preference of
endovascular tools, fluoroscopy angles and team member
experience as recorded by the pre- and post-operative
questionnaires.
Statistical analysis
Data was analysed with the Statistical Package for the
Social Sciences version 17.0 (SPSS, Chicago, IL, USA) using
non-parametric tests. The degree of change for the
different endovascular tools, fluoroscopy and team pref-
erences were evaluated with the chi-square test.
Demographics and comparisons of the qualitative
performances with the GRS and PSRS were assessed by the
KruskaleWallis test for continuous variables across the
three groups and with the ManneWhitney U test of inter-
group comparison. Inter-rater reliability for the assessment
with the rating scales (GRS and PSRS) was evaluated with
the Cronbach’s alpha test. A level of p < 0.05 was consid-
ered to be statistically significant.
Results
Demographics and participant video rating
The demographics are summarised in Table 1. As expected,
the inexperienced and moderately experienced groups
differed significantly from the highly experienced group in
the amount of endovascular procedures performed by each
participant in total (a median of 2000 for the inexperienced
vs. 1500 for the moderately experienced vs. 4000 for the
experienced, pZ 0.050) and per year (an average of 350 vs.
150 vs. 500, p < 0.020), as also the total number of CAS
procedures per year (5 vs. 10 vs. 35) and in their career 6 vs.
25 vs. 200 (p< 0.001). There was no significant difference in
their prior experience with endovascular simulators, as 82%
of the inexperienced, 57% of the moderately experienced
and 93% of the experienced had previously practiced on a VR
simulator (p Z 0.200). None of the participants had prior
experience with the PROcedure rehearsal module.
The rating scale scores of 32 participants (Fig. 4)
confirmed that the interventionalists, who had performed
more than 50 CAS, did indeed obtain a significantly higher
GRS score compared with the inexperienced group
(p Z 0.030) (Fig. 4). This was less apparent for the PSRS
(p Z 0.060). Although the experienced group also scored
higher than the moderately experienced group, this was not
statistically significant for either the GRS or PSRS. One
participant did not undergo qualitative rating due to tech-
nical problems with the video recordings. Overall, theinter-rater reliability was very high for both PSRS (Cron-
bach’s alpha 0.902) and the GRS (Cronbach’s alpha 0.891).
Endovascular tool, fluoroscopy and team
preferences
Fig. 5 highlights the endovascular tool preference change
after the patient-specific rehearsal. Fig. 5(a) shows the
change for the entire group for the most relevant cate-
gories. Of a total of 363 potential changes, 96 were made
(26%). Not shown in the table are the results for the choice
of guidewires (24% change), location of the exchange of the
sheath or guiding catheter (9.1%) and choice of EPD (9.1%).
As shown in the table, change was most distinct for the
fluoroscopy angle (46% of all participants), choice of
selective catheter (39%) and sheath or guiding catheter
(33%). Those participants who changed their selective
catheter primarily chose one with a more recurrent curve
(Simmons 2, Vitek or Headhunter) to accommodate the CCA
(8 out of 13 participants). Changes in sheath or guiding
catheter preference were largely attributable to a switch
from a straight 6F sheath to a curved 8F guiding catheter,
once again to accommodate the tortuous CCA. More than
a quarter of the participants altered their dilation or
stenting strategy: length and diameter of balloons and
stents, and whether to predilate and/or postdilate the
lesion. Fig. 5(b) shows the difference in tool change
between the inexperienced and experienced practitioners.
Although the degree of change between the inexperienced
and experienced group did not reach statistical significance
(p > 0.050), there was a definite trend that the inexperi-
enced changed their endovascular tool preference more
often than did the experienced practitioners. This is more
pronounced for the choice of selective catheter (64% of the
inexperienced vs. 42% of the experienced intervention-
alists), sheath or guiding catheter (55% vs. 33%) and stent-
ing strategy (36% vs. 13%).
The change in desired team experience for this specific
case was 18% vs. 14% vs. 27% for the inexperienced,
moderately experienced and highly experienced groups,
respectively. Of the interventionalists, who changed their
preference, all but one chose a more experienced team
than initially indicated.Face validity and evaluation of procedure
rehearsal potential
Fig. 6 depicts the overall median scores for the rating of the
face validity and evaluation of the procedure rehearsal
potential. No significant differences were noted between
the groups.
Discussion
Rehearsing a particular task or intervention before per-
forming it on the patient is not part of routine medical
practice at present. However, this concept of procedure
rehearsal is already commonplace in other high-stake
industries, such as the aviation and aerospace industries,11
and, in particular, the military.10 Previous research has
Table 1 Demographics for all study participants.
Inexperienced Moderately experienced Highly experienced
Number of participants 11 7 15
Age (years, range) 40 (31e53) 42 (37e59) 47 (34e62)
Vision corrected 4 4 12
Speciality
 Cardiology 5 1 5
 Radiology 5 5 9
 Vascular surgery 1 1 1
Total practise duration (years, range) 7 (1e20) 10 (4e30) 15 (3e30)
Total # of endovasc. procedures (range) 2000 (200e7500) 1500 (350e5000) 4000 (1000e15 000)
Endovasc. Procedures/year (range) 350 (50e600) 150 (100e500) 500 (200e1500)
Total # CAS (range) 6 (5e20) 25 (21e40) 200 (50e1000)
# CAS/year (range) 5 (0e20) 10 (4e18) 35 (10e120)
Prior experience with PROcedure rehearsal 0 0 0
Prior VR experience
 None 2 3 1
 At meeting 6 4 13
 At a training course 4 3 5
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CAS intervention is feasible in the medical setting as well,
using standard patient CT imagery to create the simula-
tions.19 Incorporating medical imagery into VR models with
the intent of rehearsing complex surgery has been reported
in neuro- and liver surgery as well, where it aids in planning
complex tumour resections.22,23 However, the present study
is the first to scientifically evaluate the effect of procedure
rehearsal in the endovascular domain.
A notable influence on the behaviour of intervention-
alists performing a difficult CAS intervention was seen,
especially for the selection of the optimal fluoroscopy
angles and selective catheters and (guiding) sheaths to
access the CCA. Moreover, inexperienced interventionalists
often altered their stenting and balloon dilation strategy asFigure 4 Global Endovascular Rating Scale Score for the
groups of different experience in CAS. Group 1: inexperienced,
Group 2: moderately experienced. Group 3: highly experi-
enced. Medians, interquartiles and range are shown.well. Interestingly, the rehearsal provided the participants
with an excellent opportunity to evaluate the complexity of
the case, which resulted in 20% of the participants indi-
cating they desired a more experienced interventionalFigure 5 a) Endovascular Tool and Fluoroscopy change for all
participants combined. Fluoro: fluoroscopy angle, Cath:
selective catheter, GC: guiding catheter, Postdilat: balloon
postdilation, Predilat: balloon predilation. b) Endovascular
Tool and Fluoroscopy change for the inexperienced CAS inter-
ventionalists vs. the highly experienced interventionalists.
Fluoro: fluoroscopy angle, Cath: selective catheter, GC:
guiding catheter, Postdilat: balloon postdilation, Predilat:
balloon predilation.
Figure 6 Face validity and subjective evaluation of the patient-specific procedure rehearsal potential. Red circles indicate
median scores for all participants combined.
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highly experienced group of practitioners, who generally
indicated they required a less experienced team preoper-
atively as compared with the less experienced groups. This
change reflects the observation that even experienced
interventionalists can underestimate the complexity of
specific cases based solely on a preoperative review of
standard two-dimensional (2D) and 3D CTA images. This
phenomenon is also documented by surgeons performing
complex liver and neurosurgery.22,23
These findings have important implications for real CAS
operations because, amongst others, anatomic consider-
ations are regarded as an important factor in the outcome
of CAS interventions.24,25 Preoperative knowledge of the
optimal fluoroscopy angle can minimise fluoroscopy and
contrast use. Furthermore, optimal vessel exposure and
catheter selection can lead to shorter procedure times with
less manipulation of endovascular material in diseasedatherosclerotic vessels. These two factors minimise the risk
of embolisation and perioperative strokes. In addition, an
accurate choice of endovascular tools may lead to
a reduction in the use of excess material during the
operation.
As CAS is still regarded as a high-risk procedure, it seems
logical that it is the first endovascular intervention for
which VR procedure rehearsal has been developed. To
date, the CAS intervention is still surrounded by contro-
versy and the large randomised trials have not been able to
demonstrate a clear benefit of CAS in the prevention of
strokes as compared with carotid endarterectomy
(CEA).14e16,26,27 What some of these trials have also high-
lighted is the relationship between experience with CAS
and patient outcomes.14e16,28e30 Therefore, numerous
consensus documents now stress the importance of
adequate training before performing CAS independently.17
Enhanced training could improve the outcome and
Patient-specific Endovascular Simulation 499regenerate enthusiasm for this complex endovascular
intervention. Previous studies have already shown that
generic endovascular simulation can shorten learning
curves for interventionalists training in CAS.4,31 Patient-
specific rehearsal is an excellent adjunct to this kind of
generic VR training, and can tailor the training to specific
patients, who will undergo an intervention. Inexperienced
practitioners may initially use procedure rehearsal for
every patient case to adequately prepare themselves,
while more experienced interventionalists may only
rehearse the more challenging CAS cases and focus on the
vital parts of the procedure, such as CCA cannulation. The
subjective questionnaire in our study confirmed that the
interventionalists found the rehearsal capability of the
simulator useful, although time constraints in daily practice
would mean they would primarily apply it to the more
challenging patient cases.
However, patient-specific VR rehearsal has the potential
to be more than just a technical adjunct to the inter-
ventionalist, as itmay also improve the non-technical skills of
the physician and his/her team. Procedural success is signif-
icantly affected by non-technical aspects, such as adequate
teamwork, leadership, situation awareness, decision making
and communication. Numerous adverse events within high-
riskenvironments, suchas theoperating roomandemergency
department, are caused by human error and could be pre-
vented by enhanced teamwork.32 To prevent such errors in
the aviation industry, the Crew Resource Management pro-
gramme has already been implemented.33 This programme
focusses on team training of crew members in the afore-
mentioned non-technical skills. Likewise, Morey et al. have
shown that similar didactic teamwork-training sessions can
also lead to a reduction in human errors in the emergency
department.34 Consequently, endovascular simulation may
be used to enhance the safety in the angiosuite or operating
room through both technical and non-technical team training
by practicing a specific scenario prior to treating the real
patient with the entire team.
In conclusion, the results from the present study indi-
cate that patient-specific VR rehearsal may influence
interventionalists in their endovascular tool selection and
fluoroscopy preferences for CAS. All participants indicated
that the procedure rehearsal module exhibited sufficient
realism and fidelity to be able to guide or change their
endovascular tool choice. As such, it may act as a tool to
optimise the preparation and outcome of the procedure.
The main limitation of this study is that its effect still needs
to be demonstrated in real CAS interventions to establish if
it will lead to safer operations with improved outcome for
patients. Therefore, further research is now underway to
evaluate the transferability of this technology from in vitro
to in vivo and to study the effect on real patients. The
effect on team training, non-technical performance and
the cost-effectiveness of this technology is also a focus
point of ongoing research. It does however seem probable
that both generic and patient-specific simulation tech-
nology will progressively be incorporated into daily medical
practice and that the concept of procedure rehearsal will
be expanded to other endovascular interventions, such as
endovascular abdominal aneurysm repair. Thus, medical
practice will be following other high-stake industries in
incorporating this technology, with the overall aim ofincreasing safety and minimising complications for those
patients undergoing invasive endovascular procedures.
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